Drugs of abuse induce neuroplasticity in the natural reward pathway, specifically the nucleus accumbens (NAc), thereby causing development and expression of addictive behavior. Recent evidence suggests that natural rewards may cause similar changes in the NAc, suggesting that drugs may activate mechanisms of plasticity shared with natural rewards, and allowing for unique interplay between natural and drug rewards. In this study, we demonstrate that sexual experience in male rats when followed by short or prolonged periods of loss of sex reward causes enhanced amphetamine reward, indicated by sensitized conditioned place preference for low-dose (0.5 mg/kg) amphetamine. Moreover, the onset, but not the longer-term expression, of enhanced amphetamine reward was correlated with a transient increase in dendritic spines in the NAc. Next, a critical role for the transcription factor ⌬FosB in sex experience-induced enhanced amphetamine reward and associated increases in dendritic spines on NAc neurons was established using viral vector gene transfer of the dominant-negative binding partner ⌬JunD. Moreover, it was demonstrated that sexual experience-induced enhanced drug reward, ⌬FosB, and spinogenesis are dependent on mating-induced dopamine D1 receptor activation in the NAc. Pharmacological blockade of D1 receptor, but not D2 receptor, in the NAc during sexual behavior attenuated ⌬FosB induction and prevented increased spinogenesis and sensitized amphetamine reward. Together, these findings demonstrate that drugs of abuse and natural reward behaviors act on common molecular and cellular mechanisms of plasticity that control vulnerability to drug addiction, and that this increased vulnerability is mediated by ⌬FosB and its downstream transcriptional targets.
Introduction
Natural reward behaviors and drug reward converge on a common neural pathway, the mesolimbic dopamine (DA) system, in which the nucleus accumbens (NAc) plays a central role (Kelley, 2004) . Drugs of abuse induce neuroplasticity in the mesolimbic system, which plays a putative role in the transition from drug use to drug addiction (Hyman et al., 2006; Kauer and Malenka, 2007; Kalivas, 2009; Chen et al., 2010; Koob and Volkow, 2010; Wolf, 2010a; Mameli and Luscher, 2011) . It has been hypothesized that drugs and natural rewards do not activate the same neurons in the mesolimbic system, and thus that drugs uniquely activate and alter this circuit (Cameron and Carelli, 2012) . However, it has become increasingly clear that natural and drug rewards affect the mesolimbic system in both similar and different ways that allow for an interplay between natural reward, specifically sex reward, and the effects of drugs of abuse (Frohmader et al., 2010a; Pitchers et al., 2010a; Olsen, 2011) .
Sexual behavior is highly rewarding (Tenk et al., 2009) , and sexual experience causes sensitized drug-related behaviors, including cross-sensitization to amphetamine (Amph)-induced locomotor activity (Bradley and Meisel, 2001; Pitchers et al., 2010a) and enhanced Amph reward (Pitchers et al., 2010a) . Moreover, sexual experience induces neural plasticity in the NAc similar to that induced by psychostimulant exposure, including increased dendritic spine density (Meisel and Mullins, 2006; Pitchers et al., 2010a) , altered glutamate receptor trafficking, and decreased synaptic strength in prefrontal cortex-responding NAc shell neurons (Pitchers et al., 2012) . Finally, periods of abstinence from sexual experience were found to be critical for enhanced Amph reward, NAc spinogenesis (Pitchers et al., 2010a) , and glutamate receptor trafficking (Pitchers et al., 2012) . These findings suggest that natural and drug reward experiences share common mechanisms of neural plasticity, which in turn influence vulnerability to substance abuse.
The goal of the current study was to determine the cellular mechanisms mediating sex experience-induced plasticity, which in turn cause enhanced drug reward. Specifically, the role of the transcription factor ⌬FosB was investigated because it is involved in the effects of both natural and drug rewards Werme et al., 2002; Olausson et al., 2006; Wallace et al., 2008; Hedges et al., 2009; Pitchers et al., 2010b) . In addition, the role of dopamine D1 receptors (D1R) for sexual experienceinduced neural plasticity was examined because NAc ⌬FosB induction and increased spine density after psychostimulant administration are expressed in D1R-containing neurons (Lee et al., 2006; Kim et al., 2009 ) and dependent on D1R activation (Zhang et al., 2002) .
Here, we used viral vector-mediated expression of a dominantnegative binding partner for ⌬FosB, diOlistic labeling, and pharmacological manipulations to test the hypothesis that the crosssensitizing effects of sexual experience followed by reward abstinence on enhanced Amph reward are mediated by a D1R-dependent induction of ⌬FosB in the NAc and subsequent increase of NAc spine density. Together, the findings provide evidence that natural and drug rewards share common mechanisms of neural plasticity, with ⌬FosB as a critical mediator.
Materials and Methods
Animals. Adult male (225-250 g upon arrival) and female (210 -220 g) Sprague Dawley rats (Charles River Laboratories) were housed in Plexiglas cages in same sex pairs throughout experiments, under temperature and humidity regulation and on a 12/12 h light/dark cycle with food and water freely available. Female partners for mating sessions were ovariectomized and received subcutaneous implants containing 5% estradiol benzoate (Sigma-Aldrich) and injections of 500 g of progesterone (in 0.1 ml of sesame oil; Sigma-Aldrich) 4 h before testing. All procedures were approved by the Animal Care and Use Committees of the University of Western Ontario and the University of Michigan and conformed to Canadian Council on Animal Care and National Institutes of Health guidelines involving vertebrate animals in research.
Sexual behavior. Mating sessions occurred during the early dark phase (between 2 and 6 h after onset of the dark period) under dim red illumination, in clean test cages (60 ϫ 45 ϫ 50 cm). Male rats mated to ejaculation during 4 or 5 daily mating sessions. Five sessions were chosen because we have previously shown that this paradigm causes long-term facilitation of sexual behavior (Pitchers et al., 2010b) , cross-sensitization to Amph locomotor activity (Pitchers et al., 2010a) , and reward (Pitchers et al., 2010a) . Ejaculation was chosen as the endpoint of each mating session because we previously showed it to be essential for effects of sex experience on Amph locomotor sensitization (Pitchers et al., 2010a), which did not occur when animals were allowed to mate with females without display of ejaculation. Sexual behavior parameters (i.e., latency to first mount, intromission and ejaculation, and number of mounts and intromissions) were recorded as described previously (Pitchers et al., 2010b) . For all experiments, sexually experienced groups were matched for sex behavior (total number of ejaculations and latency to ejaculation during each mating session). After the fifth mating session, males remained housed with same sex partners and were not allowed to mate during sex abstinence periods of 1, 7, or 28 d. Animals that remained sexually naive were handled and housed in the same rooms as sexually experienced males. In addition, naive controls were placed in clean test cages for an hour during 5 consecutive days, without access to a receptive female.
⌬FosB expression. Animals were deeply anesthetized (sodium pentobarbital; 390 mg/kg; i.p.) and perfused intracardially with 50 ml of 0.9% saline, followed by 500 ml of 4% paraformaldehyde (Sigma-Aldrich) in 0.1 M phosphate buffer (PB) for the time point and DR antagonist experiments. Brains were removed and postfixed for 1 h at room temperature in the same fixative, then stored at 4°C in 20% sucrose and 0.01% sodium azide in 0.1 M PB. For the DR antagonist experiments, brains were removed and halved along the sagittal axis. One half was stored in PB and used for DiOlistics, and the other was processed for ⌬FosB. Coronal sections (35 m) were cut with a freezing microtome (Microm H400R), collected in four parallel series in cryoprotectant solution (30% sucrose and 30% ethylene glycol in 0.1 M PB) and stored at Ϫ20°C. Free-floating sections were washed extensively with 0.1 M PBS, pH 7.35, between incubations, and all steps were at room temperature. Sections were exposed to 1% H 2 O 2 (10 min) and incubation solution (1 h; PBS containing 0.1% BSA, Fisher; and 0.4% Triton X-100, Sigma-Aldrich). Sections were then incubated overnight in pan-FosB rabbit polyclonal antibody (1:5K; sc-48 Santa Cruz Biotechnology), previously validated (Perrotti et al., 2004 Pitchers et al., 2010b) . The pan-FosB antibody was raised against an internal region shared by FosB and ⌬FosB, and has been previously characterized to specifically visualize ⌬FosB cells at the time points used in this study (Ͼ1 d after stimulus) (Perrotti et al., 2004 Pitchers et al., 2010b) . Next, sections were incubated in biotin-conjugated goat antirabbit IgG (1 h; 1:500 in PBSϩ; Vector Laboratories), avidin-biotinhorseradish peroxidase (1 h; ABC elite; 1:1000 in PBS; Vector Laboratories), and 0.02% 3,3Ј-diaminobenzidine tetrahydrochloride (10 min; Sigma-Aldrich) with 0.02% nickel sulfate in 0.1 M PB with hydrogen peroxide (0.015%). Sections were mounted onto Superfrost plus glass slides (Fisher) and coverslipped with dibutyl phthalate xylene.
Numbers of ⌬FosB-IR cells were counted in the NAc shell and core within standard areas of analysis (400 ϫ 600 m) as previously described (Pitchers et al., 2010b) . Two sections were counted per NAc subregion, averaged per animal. In the time point experiment, numbers of ⌬FosB-IR cells were expressed as a fold change of the naive control group at the appropriate time point and compared between experienced and naive groups for each subregion at each individual time point using unpaired t tests with a significance level of p Ͻ 0.05. In the ⌬JunD-AAV and DR antagonist experiments, a two-way or one-way ANOVA, respectively, and Holm-Sidak method were used. In addition, ⌬FosB-IR cells were counted in the dorsal striatum (area of analysis: 200 ϫ 600 m), immediately dorsal to the NAc and adjacent to the lateral ventricle, in all animals in the DR antagonist experiment. One-way ANOVA and t tests were used to compare between groups.
DiOlistics. For the time point and ⌬JunD viral vector experiment, rats were perfused intracardially with 50 ml saline (0.9%), followed by 500 ml of 2% paraformaldehyde in 0.1 M PB. Brains were sectioned (100 m coronal) using a vibratome (Microm) and sections stored in 0.1 M PB with 0.01% sodium azide at 4°C. Coating of tungsten particles (1.3 m diameter, Bio-Rad) with the lipophilic carbocyanine dye DiI (1,1Ј-dioctadecyl-3,3,3Ј3Ј-tetramethylindocarbocyanine perchlorate; Invitrogen) was performed as previously described (Forlano and Woolley, 2010) . DiI-coated tungsten particles were delivered into the tissue at 160 -180 psi using the Helios Gene Gun system (Bio-Rad) through a filter with 3.0 m pore size (BD Biosciences) and allowed to diffuse through neuronal membranes in 0.1 M PB for 24 h while light-protected at 4°C. Next, slices were postfixed in 4% paraformaldehyde in PB for 3 h at room temperature, washed in PB, and mounted in frame-sealed chambers (Bio-Rad) with gelvatol containing the anti-fading agent 1,4-diazabicyclo(2,2)octane (50 mg/ml, Sigma-Aldrich) (Lennette, 1978) .
DiI-labeled neurons were imaged using Zeiss LSM 510 M confocal microscope (Carl Zeiss) and helium/neon 543 nm laser. For each animal, 2-5 neurons in each NAc subregion, or in the shell (based on location in relation to landmarks, including the lateral ventricle and anterior commissure) in ⌬JunD-AAV and DR antagonist experiments, were used to locate a region of interest on a second order dendrite for spine quantification. For each neuron, 2-4 dendrites were analyzed to quantify a total dendritic length of 40 -100 m. Dendritic segments were captured using 40ϫ water-immersion objective at 0.25 m intervals along the z-axis, and a 3D image was reconstructed (Zeiss) and underwent deconvolution (Autoquant X, Media Cybernetics) using adaptive (blind) and theoretical PSF setting as recommended by the software. Spine density was quantified using the Filament module of Imaris software package (version 7.0, Bitplane). Numbers of dendritic spines were expressed per 10 m, averaged for each neuron and then for each animal. Statistical differences were determined using two-way ANOVAs in the time series experiment between sexually naive and experienced animals at each time point (factors: sexual experience and NAc subregion) and in the ⌬JunD experiment (factors: sexual experience and viral vector), and one-way ANOVA in the DR antagonist experiment. Group comparisons were made with the Holm-Sidak method with a significance level of p Ͻ 0.05.
Conditioned place preference. The CPP experimental design was identical as previously described(Pitchers et al., 2010a), using an unbiased three-compartment apparatus (Med Associates), and unbiased design, with single pairing conditioning trial of D-Amph sulfate (Amph; Sigma-Aldrich; 0.5 mg/ml/kg s.c. calculated on basis of the free base) in the paired chamber and saline in the unpaired chamber during alternate days, and performed during the first half of the light phase. Control animals received saline in both chambers.
CPP scores were calculated for each animal as the time spent (in seconds) in the paired chamber during the post-test minus the pretest. One-way ANOVAs and the Holm-Sidak method were used to compare groups in the time point experiments. Unpaired t test with significance set at p Ͻ 0.05 was used to compare Naive-Sal and Naive Amph within each time point in the time point experiment, and within each viral vector treatment in the ⌬JunD experiment. In the time experiment, one-way ANOVAs and the Holm-Sidak method were used to compare the sexually experienced groups (Exp-Sal, 7 d Exp Amph and 28 d Exp Amph), and unpaired t test was used to compare the 2 naive groups. Two-way ANOVA and the Holm-Sidak method were used to compare all groups in the DR antagonist experiment. Two unpaired t test were used to compare Naive-Sal and Naive Amph groups with each viral vector treatment condition (GFP or ⌬JunD), as data were too variable in the ⌬JunD groups to allow for ANOVA analysis. All significance levels were set at p Ͻ 0.05.
Viral vector experiments.
Male rats were anesthetized with ketamine (87 mg/ml/kg; i.p.) and xylazine (13 mg/ml/kg i.p.), placed into a stereotaxic apparatus (Kopf Instruments), and received bilateral microinjections of recombinant adeno-associated viral vectors encoding GFP only (green fluorescent protein), or ⌬JunD (dominant-negative binding partner of ⌬FosB) and GFP, into the NAc (coordinates: AP ϩ1.5, ML Ϯ1.2 from bregma; DV Ϫ7.6 from skull), in a volume of 1.5 l/hemisphere over 7 min using a Hamilton syringe (Harvard Apparatus). ⌬JunD decreases ⌬FosB-mediated transcription by competitively heterodimerizing with ⌬FosB and hence preventing binding of ⌬FosB to the AP-1 region within promoter regions of target genes (Winstanley et al., 2007; Pitchers et al., 2010b) . Even though ⌬JunD binds with high affinity to ⌬FosB, it is possible that some of the observed effects of ⌬JunD might be mediated by antagonizing other AP-1 proteins. However, it appears that ⌬FosB is the predominant AP-1 protein expressed under the tested conditions (Pitchers et al., 2010b) . Between 3 and 4 weeks later, animals received sexual experience during 4 consecutive mating sessions or remained naive to create 4 groups: sexually naive GFP, sexually experienced GFP, sexually naive ⌬JunD, and sexually experienced ⌬JunD. Sexual experience was comprised of 4 consecutive daily mating session. Animals were tested for CPP and diOlistics. Verification of injection sites was performed as described previously (Pitchers et al., 2010b) . NAc sections (coronal; 100 m) were immune-processed for GFP (1:20,000; rabbit anti-GFP antibody; Invitrogen). Spread of virus was primarily limited to the shell portion of the NAc, with additional spread to the core. D1R/D2R antagonists. Male rats were anesthetized with an intraperitoneal injection (0.1 ml/kg) of ketamine (87 mg/ml) and xylazine (13 mg/ml), and placed into a stereotaxic apparatus (Kopf Instruments). Bilateral 21-gauge guide cannulas (Plastics One) were lowered toward the NAc at AP ϩ1.7, ML Ϯ1.2 from bregma; Ϫ6.4 DV from skull and secured with dental acrylic, adhered to three screws set into the skull. Animals were handled daily for habituation to infusion procedures during a 2 week recovery period. Fifteen minutes before the start of each of 4 daily mating sessions by introducing the receptive female, the male rats received bilateral microinjections of D1R antagonist R(ϩ)SCH-23390 hydrochloride (Sigma-Aldrich), D2 receptor (D2R) antagonist S-(-) eticlopride hydrochloride (Sigma-Aldrich) were dissolved in sterile saline (0.9%; each at 10 g in 1 l per hemisphere; dissolved in 0.9% saline), or saline (1.0 l per hemisphere), at a flow rate of 1.0 l/min over a 1 min interval followed by 1 min with the injection cannula left in place for drug diffusion. The volume of this injection will infuse both core and shell, as infusions of 0.5 l are restricted to shell or core subdivisions (Laviolette et al., 2008) . The dosages were based on previous studies showing that these or lower dosages affected drug or natural reward behavior (Laviolette et al., 2008; Roberts et al., 2012) . Control males remained sexually naive but received intra-NAc saline before placement in the empty test cage, during 4 daily handling sessions. One week after final mating or handling session, males were tested for Amph CPP, and spine and ⌬FosB analysis. The use of four sessions, rather than five sessions as in the other experiments, was chosen to eliminate excessive damage to the NAc caused by the repeated infusions and thus allow for spine and ⌬FosB analysis. Indeed, damage was not evident, and analyses of spine and ⌬FosB in NAc of saline-infused animals showed similar data as non-infused groups in the previous experiments. Two-way ANOVA and Holm-Sidak method with sig- nificance set at p Ͻ 0.05 was used to determine sex experienceinduced facilitation of sexual behavior.
Results
Sex experienced-induced ⌬FosB upregulation is long-lasting First, the temporal correlations between sex experiencedinduced changes in ⌬FosB expression, dendritic spines in the NAc, and Amph-CPP were determined, specifically after short and prolonged periods of abstinence from sexual reward (7 or 28 d). Previously, it was demonstrated that sexual experience of 5 daily mating sessions caused an accumulation of ⌬FosB throughout the mesolimbic system, notably in the NAc (Wallace et al., 2008; Pitchers et al., 2010b) . In these past studies, ⌬FosB levels were measured within 1 d after sexual behavior, and it was not known whether ⌬FosB accumulation persisted after prolonged periods of reward abstinence. Sexually experienced males were perfused 1, 7, or 28 d after the final of 5 daily mating sessions, during which the males mated to one ejaculation. Sexually naive controls were perfused at the same time point after the final of 5 daily handling sessions. Numbers of ⌬FosB-IR cells in the NAc shell and core were significantly higher than sexually naive controls at all time points (Fig. 1A, shell; 1 d, Pitchers et al. (2010a) previously reported using Golgi impregnation techniques that sexual experience followed by 7 d, but not 1 d, of reward abstinence caused significantly increased dendritic branching and number of dendritic spines on NAc shell and core neurons (Pitchers et al., 2010a) . Here, spinogenesis in sexually naive and experienced males was examined either 7 d or 28 d after final mating session. The current findings using a diOlistics labeling method confirmed that sexual experience followed by a 7 d sex abstinence period increased the numbers of dendritic spines (F (1,8) ϭ 9.616, p ϭ 0.015; Fig. 2A-C) . Specifically, the number of dendritic spines was significantly increased in the NAc shell and core ( Fig. 2A: shell, p ϭ 0.011; core, p ϭ 0.044). However, this increased spine density was transient and no longer detected after a prolonged sex abstinence period of 28 d in either NAc subregion (Fig. 2B) .
Sex experienced-induced increase in dendritic spines is transient

Sex experienced-induced sensitized Amph reward is long-lasting
We previously demonstrated that sexual experience followed by 7-10 d of abstinence resulted in enhanced Amph reward (Pitchers et al., 2010a) . Specifically, sexually experienced animals formed a significant conditioned place preference (CPP) for lower doses of Amph (0.5 or 1.0 mg/ kg) that did not induce CPP in sexually naive controls. The current study confirmed and extended these previous results by demonstrating enhanced Amph reward in sexually experienced animals both after a 7 d as well as a 28 d sex abstinence period ( Fig. 2D; F (2,24) ϭ 4.971, p ϭ 0.016). Specifically, sexually experienced animals with either 7 or 28 d abstinence period spent significantly greater time in the Amph-paired chamber during the post-test compared with sexually experienced negative controls that received saline in the both chambers (Fig. 2D : Exp-Sal vs 7 d Exp AMPH, p ϭ 0.032; vs 28 d Exp AMPH, p ϭ 0.021). Confirming previous findings, sexually naive animals did not spend more time in the Amph-paired chamber during the posttest and did not differ in preference from the sexually naive saline control group (Fig. 2D) (Pitchers et al., 2010a) .
⌬FosB activity is critical for sex experience-induced sensitized Amph reward
The results thus far demonstrate that sexual experience caused long-lasting accumulation of ⌬FosB in NAc neurons correlated with enhanced Amph reward. To determine whether increased ⌬FosB activity is critical for enhanced Amph reward, ⌬JunD, a dominant-negative binding partner of ⌬FosB that suppresses ⌬FosB-mediated transcription (Winstanley et al., 2007) , was overexpressed via viral vector-mediated gene transfer in the NAc (Fig. 3 A, B) . Results of the Amph CPP tests showed that attenuation of ⌬FosB activity by expressing ⌬JunD in the NAc prevented the effects of sexual experience and 7 d sex reward # p Ͻ 0.05, significant difference compared with naive controls. C, Representative dendritic segments from Naive 7 d and Exp 7 d groups used to quantify spine density. Scale bar, 3 m. D, The amount of time spent in the paired chamber (Amph or saline) during the post-test minus the pretest (CPP score) for sexually naive (white) or experienced (black) animals tested either 7 d or 28 d after final mating or handling session: Naive-Sal (7 d after handling; n ϭ 8), Naive Amph (7 d after handling; n ϭ 9), Exp-Sal (combined groups of animals tested either 7 d or 28 d after mating; n ϭ 7), 7 d Exp Amph (7 d after mating; n ϭ 9), and 28 d Exp Amph (28 d after mating; n ϭ 11). Sal groups received Sal paired with both chambers. *p Ͻ 0.05, significant difference compared with sexually experienced saline controls.
abstinence on enhanced Amph reward. Sexually experienced ⌬JunD animals did not form a significant CPP for Amph and did not differ from sexually naive ⌬JunD animals (Fig. 3B ). In contrast, sexually experienced GFP control animals formed a CPP for Amph as indicated by a significantly greater CPP score compared with sexually naive GFP controls (Fig. 3B, p ϭ 0.018) .
The attenuating effects of ⌬JunD overexpression were not the result of a disruption of sexual behavior during the acquisition of sexual experience. Expression of ⌬JunD in the NAc has previously been shown to prevent the facilitation of sexual behavior after sexual experience (Pitchers et al., 2010b) . Indeed, this was confirmed in the current experiment. GFP control animals displayed shorter latencies to mount, intromission, and ejaculation, and fewer mounts and intromission during the fourth consecutive day of mating tests, compared with the first day of mating (Table 1) . In contrast, ⌬JunD-injected animals did not display significantly shorter latencies to mount or intromission or lower numbers of mounts during the fourth day of mating compared with the first. Thus, ⌬JunD infusions into the NAc attenuated the effects of sexual experience. However, there were no significant differences in any of the mating parameters between GFP control and ⌬JunD-infused groups during any of the mating tests, indicating that effects of ⌬JunD infusions on sex experience-induced sensitization of Amph CPP are not the result of differences in mating experience per se (Table 1) .
⌬FosB is critical for sex experience-induced increase in NAc dendritic spines ⌬FosB activity was also required for the increased spine density of NAc neurons after sex experience and 7 d sex reward abstinence (Fig. 3C,D) . For spine analysis in the NAc of animals described above for CPP, two-way ANOVA showed significant effects of both sexual experience (F (1,34) ϭ 31.768, p Ͻ 0.001) and viral vector treatment (F (1,34) ϭ 14.969, p ϭ 0.001), as well as an interaction (F (1,34) ϭ 10.651, p ϭ 0.005). Specifically, sexually experienced GFP control animals had a greater number of NAc spines compared with sexually naive GFP controls (Fig. 3D : p Ͻ 0.001), confirming our previous finding (Pitchers et al., 2010a ). In contrast, sexually experienced ⌬JunD animals were not significantly different from sexually naive ⌬JunD groups, and were significantly lower compared with sexually experienced GFP control animals ( Fig. 3D : p Ͻ 0.001). Thus, ⌬JunD expression in the NAc blocked the effects of sexual experience and reward abstinence on NAc spinogenesis.
D1R antagonist blocks sex experience-induced ⌬FosB upregulation
To determine whether D1R or D2R activation in the NAc during mating is required for sex experience-induced ⌬FosB upregulation and sensitized Amph CPP, animals received local infusions of either a D1R or D2R antagonist (or saline) into the NAc 15 min before each of 4 daily consecutive mating sessions. Importantly, neither D1R nor D2R antagonist infusions into the NAc affected initiation or expression of sexual behavior during any of the mating sessions (Fig. 4D-F ) . Likewise, D1R or D2R antagonism did not prevent facilitative effects of sexual experience on mating, as all groups demonstrated facilitation of sexual behavior, evidenced by shorter ejaculation latencies on day 4 compared with day 1 (Fig. 4F ) (F (1,40) ϭ 37.113, p Ͻ 0.001; Sal, p ϭ 0.004; D1R Ant, p ϭ 0.007; D2R Ant, p Ͻ 0.001).
Analysis of the number of ⌬FosB-IR cells in the NAc 7 d after the last NAc infusion and mating or handling session revealed significant differences between groups in both NAc shell (F (3,29) ϭ 18.070, p Ͻ 0.001) and core (F (3,29) ϭ 10.017, p Ͻ 0.001). First, sexual experience in saline-infused controls caused a significant upregulation of ⌬FosB compared with sexually naive controls (Fig. 5A , shell p Ͻ 0.001; Fig. 5B : core, p Ͻ 0.001), confirming results above. Antagonism of D1R, but not D2R, prevented or attenuated this upregulation of ⌬FosB. In the NAc shell, D1R antagonist treated sexually experienced males showed no increase in ⌬FosB-IR cells compared with sexually naive controls (Fig. 5A : p ϭ 0.110), and ⌬FosB expression was significantly lower compared with sexually experienced saline males (Fig. 5A: p ϭ 0.002 ). In the NAc core, D1R antagonism had a partial effect: ⌬FosB was significantly increased in D1R antagonist-treated males compared with naive saline controls (Fig. 5B : p ϭ 0.031), but this upregulation was significantly lower compared with sexually experienced saline treated males (Fig. 5B : p ϭ 0.012). D2R antagonist treatment did not affect ⌬FosB induction as sexually experienced males that received D2R antagonist had a significantly greater number of ⌬FosB-IR cells compared with naive saline controls (Fig. 5A: shell, p Ͻ 0.001; Fig. 5B : core, p Ͻ 0.001) and D1R antagonist-treated males (Fig. 5A: shell, p Ͻ 0.001; Fig. 5B : core, p ϭ 0.013), and did not differ from sexually experienced saline males.
To control for potential spread of D1R or D2R antagonists into the dorsal striatum, ⌬FosB expression was analyzed in an In all animals, GFP was detected in the shell, but spread to the core was variable. C, The amount of time spent in the Amph-paired chamber during the post-test minus the pretest (CPP score) for sexually naive (white) and experienced (black) animals that either received an injection of GFP control vector (Naive, n ϭ 9; Exp, n ϭ 10) or ⌬JunD vector (Naive, n ϭ 9; Exp, n ϭ 9). D, Representative images of dendritic segments from sexually experienced GFP and ⌬JunD used to quantify spine density. Scale bar, 3 m. E, The number of dendritic spines in the NAc of sexually naive (white) and experienced (black) animals that either received an injection of GFP control vector or ⌬JunD vector. Data are group mean Ϯ SEM. *p Ͻ 0.05, significant difference compared with naive controls.
# p Ͻ 0.05, significant difference from GFP experienced controls.
area immediately dorsal to the NAc and adjacent to the lateral ventricle, as induction of ⌬FosB in the dorsal striatum by psychostimulants and opiates is dependent on D1R activity (Zhang et al., 2002; Muller and Unterwald, 2005) . Sexual experience increased the numbers of ⌬FosB-ir cells in the dorsal striatum in salinetreated males (Naive-Sal: 35.6 Ϯ 4.8 vs Exp-Sal: 82.9 Ϯ 5.1; p Ͻ 0.001), confirming our previous report (Pitchers et al., 2010b) . Moreover, neither D1R nor D2R antagonist infusions into the NAc affected sex experience-induced ⌬FosB in the dorsal striatum (Exp-D1R: 82.75 Ϯ 2.64 ir cells; Exp-D2R: 83.9 Ϯ 4.4 ir cells; p Ͻ 0.001 compared with Naive-Sal controls). These findings suggest that spread of antagonist infusions was primarily limited to the NAc.
D1R antagonist in NAc blocks sensitized Amph reward
D1R blockade in NAc during mating also blocked sex experienceinduced enhanced Amph reward, tested 7 d after the last NAc infusion and mating test (F (3,29) ϭ 2.956, p ϭ 0.049). Sexually experienced animals that received saline in the NAc during mating sessions spent a significantly greater amount of time in the Amph-paired chamber compared with sexually naive males (Fig.  6A , p ϭ 0.025), confirming results above. In contrast, sexually experienced animals that received intra-NAc D1R antagonist during mating did not form a CPP for Amph. They did not differ from sexually naive controls, and spent significantly less time in the Amph-paired chamber compared with saline ( Fig. 6A : p ϭ 0.049) or D2R antagonist (Fig. 6A : p ϭ 0.038) infused sexually experienced males. D2R antagonist infusions did not affect the enhanced Amph reward as sexually experienced animals with NAc D2R antagonist infusions formed a significant Amph-CPP compared with naive saline controls (Fig. 6A : p ϭ 0.040) and D1R antagonist experienced animals ( Fig. 6A : p ϭ 0.038), and did not differ from sexually experienced saline males.
D1R antagonist treatment blocks sex experience-induced NAc spinogenesis
Analysis of spine density in the NAc of these same animals showed that D1R activation during mating was required for increased NAc spine density after sexual experience and 7 d of sex reward abstinence ( Fig. 6B; F (3,26) ϭ 41.558, p Ͻ 0.001). Specifically, sexually experienced saline controls and D2R antagonist animals had a significantly greater number of spines compared with sexually naive saline controls (Fig. 6B : p Ͻ 0.001) confirming our previous findings (Pitchers et al., 2010a) and findings with GFP control viral vectors described above. In contrast, sexually experienced D1R antagonist-infused animals did not differ from sexually naive saline-infused controls (Fig. 6B ). There was a partial effect of D2R antagonist infusion as D2R infused animals showed significantly lower spine densities than sexually experienced saline controls (Fig. 6B : p ϭ 0.02), but significantly higher Data are shown for day 1 and the last day of four daily consecutive mating sessions (day 4). *Significant differences from day 1 in the same treatment group. No differences between GFP or ⌬JunD groups were detected on either day 1 or day 4.
Figure 4. Dopamine receptor antagonists infused into the NAc did not affect sexual behavior. Coronal NAc sections (A, ϩ2.2; B, ϩ1.7; C, ϩ1.2 from bregma) indicating intra-NAc injection sites for all animals. Cannulas were bilateral but are represented unilaterally for ease of presentation of all animals (Naive-Sal, white, n ϭ 7; Exp-Saline; dark gray, n ϭ 9; Exp D1R Ant, light gray, n ϭ 9; Exp D2R Ant, black, n ϭ 8). ac, Anterior commissure; LV, lateral ventricle; CPu, caudate-putamen. Mount latency (D), intromission latency (E), and ejaculation latency (F ) for all sexually experienced groups (Saline, white; D1R Ant, gray; D2R Ant, black). Data represent mean Ϯ SEM. *p Ͻ 0.05, significant difference between day 1 and day 4 within treatment.
numbers of spines compared to sexually naive saline controls and D1R-treated experienced males ( p Ͻ 0.001; Fig. 6B ). Thus, D1R blockade in the NAc during mating blocked the effects of sexual experience and reward abstinence on NAc spinogenesis.
Discussion
In the current study, we demonstrated cross-sensitization between natural and drug reward, when the natural reward is followed by a period of abstinence. Specifically, we showed that experience with sexual behavior, followed by 7 or 28 d of abstinence, causes enhanced Amph reward. These findings have similarities with the established critical role of an abstinence period from drugs of abuse in the incubation of drug craving (Lu et al., 2005; Thomas et al., 2008; Wolf, 2010b Wolf, , 2012 Xue et al., 2012) . Furthermore, natural reward-induced ⌬FosB in the NAc is critical for cross-sensitizing effects of natural reward abstinence on psychostimulant reward, potentially via spinogenesis in the NAc during a period of reward abstinence. We demonstrated that ⌬FosB accumulation in the NAc after sexual experience is long-lasting and dependent on NAc D1R activity during mating. In turn, this D1R-mediated ⌬FosB upregulation in the NAc was shown to be critical for enhanced reward for Amph and increased spine density in the NAc, even though these outcomes of sexual experience are dependent on a period of abstinence from sexual reward (Pitchers et al., 2010a) . Finally, we showed that NAc spinogenesis may contribute to the initial development of short-term expression of sensitized Amph reward but is not critical for continued expression of enhanced drug reward, as increased spine density in NAc was transient and observed after a 7 d, but not 28 d, abstinence period. It has long been known that dopamine is released in the NAc during natural reward behavior, including sexual behavior. Upon introduction of a receptive female, extracellular dopamine in the NAc is increased and remains elevated during mating (Fiorino et al., 1997) . The current study showed that infusing dopamine receptor antagonists into the NAc during mating did not have an effect on the initiation or performance of sexual behavior, which is consistent with the notion that dopamine is not involved in the expression of reward behavior per se, but rather for attribution of incentive salience of sex-related cues (Berridge and Robinson, 1998) . Indeed, cues predictive of sexual reward cause activation of neurons within the mesolimbic dopamine reward system, including the dopaminergic cells in the ventral tegmental area and their target, the NAc (Balfour et al., 2004) . Repeated sexual behavior induces ⌬FosB in the NAc, which in turn mediates the experience-induced reinforcement of sexual behavior (Pitchers et al., 2010b). Current results show that mating-induced ⌬FosB upregulation is, indeed, dependent on D1R activation in the NAc Figure 5 . Blocking D1R in the NAc attenuates the increase in number of ⌬FosB-IR cells in the NAc of sexually experienced animals. Fold change of number of ⌬FosB-IR cells in the NAc shell (A) and core (B) in sexually experienced (black) animals compared with sexually naive (white) controls (Naive-Sal, n ϭ 6; Exp-Saline, n ϭ 7; Exp D1R Ant, n ϭ 9; Exp D2R Ant, n ϭ 8). Data are group mean Ϯ SEM. *p Ͻ 0.05, significant difference compared with naive controls.
# p Ͻ 0.05, significant difference compared with saline and D2R Ant experienced animals. Representative of images of Naive Sal (C), Exp Sal (D), Exp D1R Ant (E), and Exp D2R Ant (F ). ac, Anterior commissure. Scale bar, 100 m. Figure 6 . Blocking D1 receptors in the NAc abolishes sensitized Amph reward and increased dendritic spines in sexually experienced animals. A, The amount of time spent in the Amphpaired chamber during the post-test minus the pretest (CPP score, seconds) for sexually naive (white, n ϭ 6) and experienced (black) animals that received saline (n ϭ 7), D1R antagonist (n ϭ 9), or D2R antagonist (n ϭ 8). Data are group mean Ϯ SEM. *p Ͻ 0.05, significant difference compared with naive saline controls.
# p Ͻ 0.05, significant difference from D1R Ant experienced animals. B, The number of dendritic spines (per 10 m) for sexually naive (white, n ϭ 7) and experienced (black) animals that received saline (n ϭ 8), D1R antagonist (n ϭ 8), or D2R antagonist (n ϭ 8). Data are group mean Ϯ SEM. *p Ͻ 0.05, significant difference compared with naive saline controls.
# p Ͻ 0.05, significant difference from experienced saline controls.
during mating. This finding is consistent with previous studies showing that repeated psychostimulant administration persistently increased ⌬FosB in NAc medium spiny neurons expressing D1R (Lee et al., 2006; Kim et al., 2009 ) and that such ⌬FosB upregulation is dependent on D1R activition (Zhang et al., 2002) . In addition, sensitized drug responses, normally observed in a drug experienced animal, can be produced in the absence of prior drug exposure by the overexpression of ⌬FosB in D1R expressing neurons in the striatum (Kelz et al., 1999) . Thus, both natural and drug rewards increase ⌬FosB in the NAc via a D1R-dependent mechanism to sensitize reward behaviors.
Moreover, the current findings demonstrate that ⌬FosB is a critical mediator of the cross-sensitization between natural reward experience and psychostimulant reward. As noted, ⌬FosB activity in the NAc has previously been implicated in sensitized drug responses, as ⌬FosB overexpression in the NAc sensitizes the locomotor activation to cocaine after prior acute or repeated administration (Kelz et al., 1999) , increases sensitivity to cocaine and morphine CPP (Kelz et al., 1999; Zachariou et al., 2006) , and causes self-administration of lower doses of cocaine (Colby et al., 2003) . The current study shows that blockade of D1R or ⌬FosB activity in the NAc during mating abolished sex experienceinduced sensitization of Amph reward. Thus, natural and drug rewards not only converge on the same neural pathway, they converge on the same molecular mediators Wallace et al., 2008; Hedges et al., 2009; Pitchers et al., 2010b) , and likely in the same neurons in the NAc (Frohmader et al., 2010b) , to influence the incentive salience and the "wanting" of both types of rewards (Berridge and Robinson, 1998) .
The current study demonstrated that an abstinence period from sexual reward is required for the sensitization of Amph reward and NAc spinogenesis. We hypothesize that ⌬FosB during this abstinence period affects neuronal function by altering downstream gene expression to initiate spinogenesis and alter synaptic strength. Indeed, blocking the induction of ⌬FosB in the NAc during mating prevented increased spine density in the NAc detected after reward abstinence. Moreover, infusion of a D1R antagonist into the NAc before each mating session prevented the sex experience-induced increase in ⌬FosB and the subsequent increased spine density. ⌬FosB is a transcription factor that can act as a transcriptional activator or repressor to influence the expression of a myriad of target genes that may in turn influence spine density and synaptic strength in the NAc . More specifically, ⌬FosB activates cyclic-dependent kinase-5 (Bibb et al., 2001; Kumar et al., 2005) , nuclear factor B (NF-B) (Russo et al., 2009b) , and the GluA2 subunit of the glutamate AMPA receptor (Vialou et al., 2010) and represses transcription of the immediate early gene c-fos (Pitchers et al., 2010b) and histone methyltransferase G9 (Maze et al., 2010) . Cyclicdependent kinase-5 regulates cytoskeletal proteins and neurite outgrowth . Moreover, activating NF-B increases the number of dendritic spines in the NAc, whereas inhibition of NF-B decreased basal dendritic spines and blocks the cocaine-induced increase in spines (Russo et al., 2009b) . Hence, sexual reward increases ⌬FosB in the NAc, which may alter NAc spine density through multiple targets (i.e., cyclic-dependent kinase-5, NF-B) and that the overall consequence is sensitized drug reward, as was hypothesized by Russo et al. (2009a) for the actions of repeated cocaine.
An unexpected observation in the current study was that increased spine density in the NAc was transient, and no longer detected at 28 d after sexual experience. Thus, increased spine density was correlated with the onset of enhanced Amph reward and may contribute to the initial development or short-term expression of sensitized Amph responses. However, increased spine density was not required for the persistence of sensitized Amph reward after prolonged abstinence periods. We have previously shown that sexual experience causes a short-term (7, but not 28, days after last mating) increase of NMDA receptor subunit NR-1 in the NAc, which reverted to baseline levels after prolonged periods of reward abstinence (Pitchers et al., 2012) . This increased NMDA receptor expression was hypothesized to be indicative of sex experienced-induced silent synapses (Huang et al., 2009; Brown et al., 2011; Pitchers et al., 2012) , and suggestive of the possibility that sex experience-induced spine growth is dependent on enhanced NMDA receptor activity (Hamilton et al., 2012) .
In conclusion, the current study highlights the crosssensitization of drug reward by a natural reward (sex) and its dependence on a reward abstinence period. Moreover, this behavioral plasticity was mediated by ⌬FosB via D1R activation in the NAc. Therefore, data suggest that loss of a natural reward after reward experience may make individuals vulnerable to development of drug addiction and that one mediator of this increased vulnerability is ⌬FosB and its downstream transcriptional targets.
